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ONE-DIMFNSIONAL HEAT-TRANSFER ANALYSIS OF THERMAL-ENERGY 

STORAGE FOR SOLAR DIRECT-ENERGY-CONVERSION SYSTEMS 

SUMMARY 

A one-dimensional thermal-energy storage system was analyzed as  a time- 
var iant  heat conduction problem coupled with a change i n  s t a t e  of t he  conducting 
medium. Solutions f o r  nondimensional surface temperature and s o l i d i f i c a t i o n  
depth a re  presented i n  graphic form f o r  various modes of heat  t r a n s f e r  from one 
surface of  t he  material .  Solutions were obtained by means of f in i te -d i f fe rence  
equations with the  assumption t h a t  t h e  mater ia l  was i n i t i a l l y  a t  the  fusion tem- 
perature.  Mater ia l  property values were assumed constant with temperature, and 
i n t e r n a l  heat generation was not considered. The nondimensional solut ions pre- 
sented i n  t h i s  report  can be applied t o  a wide range of one-dimensional cooling 
problems where a phase change i s  involved. 

The general  solut ions were applied t o  t he  analyses of thermal-energy-storage 
systems u t i l i z i n g  s i l i c o n  and l i thium hydride. 
heat of fusion of a thermal-storage mater ia l  cannot be f u l l y  u t i l i z e d  unless t he  
thermal conductivity i s  a l so  of a r e l a t i v e l y  high value t o  allow the  thermal 
energy t o  be removed from the  l iqu id-so l id  in te r face  and conducted t o  the  exte- 
r i o r  heat- t ransfer  surface wi th  no excessive temperature drop. 

Analysis showed t h a t  t he  high 

INTRODUCTION 

Solar  e l e c t r i c  power systems t h a t  a re  u t i l i z e d  f o r  auxi l ia ry  power on sa t e l -  
l i t e s  i n  ecl ipsed o r b i t s  must provide some means f o r  maintaining e l e c t r i c a l  power 
during the  dark period of an o rb i t .  Photovoltaic space-power systems now i n  
operation use nickel-cadmium e l e c t r i c a l  storage b a t t e r i e s  t o  provide power during 
the  dark time. I n  the  present s t a t e  of development these high-cycle-life ba t t e r -  
i e s  provide a r e l a t i v e l y  low spec i f i c  storage capacity and therefore  impose a 
decided weight penalty on the  aux i l i a ry  power system. If improvements i n  the  
spec i f ic  storage capacity of b a t t e r i e s  a re  not forthcoming, an a l t e rna t ive  means 
of energy storage should be developed t o  minimize t h e  ove ra l l  weight of t he  solar 
e l e c t r i c  power system. 

An a l t e rna t ive  method of providing power f o r  t h e  duration of the o r b i t a l  
dark time i s  t o  s t o r e  thermal. energy a s  t h e  l a t e n t  heat of fusion of a su i tab le  
material .  I n  a thermal-energy-storage system, the  storage mater ia l  i s  melted by 
rad ia t ion  from t h e  sun, and then, during the  shaded port ion of t h e  orb i t ,  the  



l a t e n t  heat of fusion i s  withdrawn and directed t o  t h e  energy-conversion device. 
Several solar-powered auxi l ia ry  systems have been designed tha t  u t i l i z e  thermal- 
energy storage because the  r e l a t i v e l y  high spec i f ic  storage capabi l i ty  r e s u l t s  i n  
a reduction i n  the o v e r a l l  weight of the  auxi l ia ry  power system. 
t o  the  energy-storage problem, the thermal-storage technique i s  applicable t o  
thermionic, thermoelectric, o r  thermodynamic engine auxi l ia ry  power systems. 

A s  a solut ion 

Solutions t o  the  t r a n s i e n t  heat- t ransfer  process that  occurs during the  ex- 
t r a c t i o n  of heat from a melted storage mater ia l  w i l l  a i d  g r e a t l y  i n  the  design 
and estimation of performance of thermal-storage systems. Difference solut ions 
f o r  t r a n s i e n t  heat conduction w i t h  a change of phase of the  one-dimensional con- 
ducting medium were developed i n  t h i s  analysis.  Nondimensional solut ions were 
obtained f o r  a range of time, various storage mater ia l  properties,  and several  
modes of heat extract ion from the storage material .  A spec i f ic  case of the  anal- 
y t i c a l  solutions obtained i n  this  report  compared qui te  favorably with an elec- 
t r i c  analogue solut ion from reference 1. The solut ions presented herein can a l s o  
be applied t o  general  one-dimensional problems of cooling mater ia ls  where a phase 
change i s  involved. 

ANALYSIS 

The thermal-storage system i s  considered herein as a one-dimensional, time- 
variant,  heat-conduction problem coupled with a change i n  s t a t e  of the  conducting 
medium ( f i g .  1). The thermal-storage mater ia l  is  assumed t o  be semi-infinite 
w i t h  the  heat being withdrawn i n  the  x-direction perpendicular t o  the  
plane and with the  remaining surfaces being per fec t ly  insulated.  The storage- 
mater ia l  propert ies  a r e  invariant  with temperature. With these assumptions, the 
the t r a n s i e n t  heat-conduction equation i s  

x = 0 

(Symbols a re  defined i n  the  appendix.) The boundary conditions f o r  the  thermal- 
storage model ( f i g .  1) a r e  establ ished as follows. I n i t i a l l y ,  the  complete vol- 
ume of heat-storage mater ia l  i s  assumed t o  be i n  t h e  l i q u i d  phase and a t  the  fu- 
sion temperature: 

T = T  f and I = o  a t  t = O  

A s  thermal energy i s  extracted from the  storage material, the  l i q u i d  phase, which 
i s  assumed t o  be continually i n  intimate contact with t h e  interface,  s o l i d i f i e s ,  
and the sol id- l iquid in te r face  moves i n  t h e  posi t ive x-direction. A t  the  i n t e r -  
face, t h e  temperature i s  equal t o  the  fusion temperature: 

a t  x = 2  T = Tf 

I n  a heat balance a t  the sol id- l iquid interface,  the r a t e  a t  which the  heat 
of fusion i s  l i b e r a t e d  by the so l id i fy ing  mater ia l  i s  equal t o  t h e  r a t e  a t  which 
heat i s  t ransfer red  from the  in te r face  i n t o  t h e  s o l i d i f i e d  phase: 
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dZ a T  at x = 2  
= -k ax 

The r a t e  a t  which heat i s  t r ans fe r r ed  from the  x = 0 plane must be speci- 
f ied.  
e r a l  terms of the  surface temperature a t  x = 0 a s  

This boundary condition f o r  t he  heat-reject ion r a t e  can be wr i t ten  i n  gen- 

q = CT: 

By spec i f ica t ion  of t he  proper values of C and n, various modes of heat re jec-  
t i o n  from t h e  surface can be represented. For example, i f  t he  heat t r a n s f e r  t o  
a conversion device i s  by radiat ion,  C = E U  and n = 4. A heat balance a t  the  
surface of t he  storage mater ia l  y i e lds  

a t  x = O  aT -k ax = CT: 

Equation (1) may be nondimensionalized by expression of t he  var iab les  i n  
terms of t he  following dimensionless parameters: 

The r e su l t i ng  form of the  heat-conduction equation i s  

Solution of t he  Heat-Conduction Equation 

The solut ion i s  ef fec ted  by the  method of t h e  heat-balance i n t e g r a l  approxi- 
mation ( r e f .  2 ) .  In  order t o  obtain the  time dependence of t he  temperature dis- 
t r i b u t i o n  cp t h a t  must s a t i s f y  the  heat-conduction equation, t he  conduction 
equation is  in tegra ted  from 0 t o  L, which r e s u l t s  i n  a nonlinear d i f f e r e n t i a l  
equation i n  L 
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o r  

The boundary conditions f o r  equation ( 2 )  es tab l i shed  previously can be swmnarized 
i n  nondimensional form: 

c p = 1  and L = O  a t  T = O  

c p = l  a t  X = L  

a t  X = L  dL 

a t  X = O ,  n = l , 2 , 3 ,  . . . ( 9 )  

where the  dimensionless s o l i d i f i c a t i o n  depth i s  defined as 

k L =  

and the  dimensionless heat of fusion is  

5 

The temperature d i s t r ibu t ion  i s  assumed t o  be 

Subst i tut ion of r e l a t i o n  (10) i n t o  equations ( 7 )  t o  ( 9 )  gives 

qr = xn 



Now, u t i l i z a t i o n  of r e l a t i o n s  (4) t o  (12)  gives 

Subst i tut ion of equations (14) t o  (16)  i n t o  r e l a t i o n  (4) gives the  required 
d i f f e r e n t i a l  equation 

From equations (11) t o  (13), the  coef f ic ien ts  x, IJ, and cu can be regarded 
The introduction of the  equations (14) t o  (16)  i n t o  equa- as functions of L(a) .  

t i o n  ( 1 7 )  reduces it t o  a nonlinear algebraic r e l a t i o n  i n  Li ,  where 

L i  = L ( T i )  and T? = i AT i = 1,2,3, . . . 

The solut ion of equation (18) yields t h e  desired temperature d i s t r i b u t i o n  a t  
d i scre te  values of T. 

The case wherein n = 1 and F = 0 . 1  w a s  compared with r e s u l t s  obtained 
wi th  an analogue computer ( r e f .  l), and values were observed t o  vary no more than 
1 percent f o r  0 < T < 1000. 

Range of Variables 

Solutions f o r  dimensionless temperature cp and dimensionless depth of so- 
l i d i f i c a t i o n  L were obtained as dimensionless time T was varied from 0.01 
t o  1000. The dimensionless temperature and depth were calculated over t h i s  vari- 
a t ion  of time f o r  values of dimensionless heat of fusion of 0.1, 0.25, 0.5, 1, 2, 
5, 10, and 25. The calculat ions were made over these ranges of time and heat of 
fusion f o r  various modes of heat t r a n s f e r  from the  storage mater ia l  as denoted by 
the  cases n = 1, 2, 3, 4, and 15. 

FGSULTS AND DISCUSSION 

General Solutions 

The r e s u l t s  of the  analysis  a r e  presented i n  t h e  form of nondimensionalized 
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curves so t h a t  t he  solut ions can be e a s i l y  appl ied over a wide range of operating 
conditions and mater ia l  propert ies .  I n  f igure  2, t h e  dimensionless temperature 
cps of the  surface through which the  heat was removed from the  energy-storage ma- 
t e r i a l  i s  p lo t t ed  against  t h e  dimensionless time T f o r  a range of dimensionless 
hea ts  of fusion and various modes of heat removal. The dimensionless depth of 
s o l i d i f i c a t i o n  L 
s ion less  t i m e  z i n  figure 3 f o r  severa l  values of dimensionless heat of fusion 
and f o r  d i f f e r ing  methods of heat t ransfer .  

of t h e  energy-storage material i s  p lo t t ed  against  the dimen- 

Ut i l i za t ion  of f igu res  2 and 3 necess i ta tes  t he  choice of a thermal-storage 
material ,  a spec i f i c  o r b i t a l  dark time, and a method of heat t r a n s f e r  from the  
storage mater ia l  t o  an energy-conversion device. To obtain the  storage-material 
surface temperature cps a t  the  end of a spec i f ied  dark time, the  dimensionless 
time z must be calculated from the  o r b i t  dark time, t he  method of heat t rans-  
f e r ,  and t h e  storage-material  thermal propert ies .  
s ion F i s  then calculated from t h e  thermal proper t ies  of %he heat-storage ma- 
t e r i a l .  With the  values of dimensionless time and heat  of fusion, t he  n p l o t  
( f i g .  2 )  corresponding t o  t h e  specif ied mode of heat  t r a n s f e r  from t h e  storage 
mater ia l  i s  entered, and t h e  dimensionless temperature i s  read  d i rec t ly .  
absolute temperature of t he  storage-material surface i s  then  obtained by m u l t i -  
p l i ca t ion  of t he  dimensionless temperature 
heat-storage material .  The solut ions f o r  dimensionless depth of s o l i d i f i c a t i o n  
( f i g .  3) a re  obtained i n  a s imi la r  manner and are  dimensionalized with the  proper 
group of mater ia l  propert ies .  

The dimensionless heat of fu- 

The 

'ps by the  fusion temperature of t he  

Analysis of Thermal-Storage System 

Application of general  so lu t ion  with n = 1. - An ana lys is  of thermal- 
energy-storage systems was made with t h e  solut ions of f igu res  2 and 3 over a 
range of i n i t i a l  r a t e s  of heat  r e j ec t ion  from the  storage mater ia l  t o  an energy- 
conversion device. S i l icon  and l i th ium hydride were chosen a s  storage-material 
examples t o  supply thermal energy t o  a conversion device f o r  a dark time of 1/2 
hour by forced convection, approximated by t h e  case n = 1. Mater ia l  p roper t ies  
shown i n  t a b l e  I were obtained from references 3 and 4. The r e j ec t ion  heat- 
t r a n s f e r  coef f ic ien t  was constant with t i m e  and was spec i f ied  by t h e  i n i t i a l  
heat-reject ion r a t e  and the fusion temperature. 
of t he  storage-material surface at the  end of t he  l/2-hour dark time is  shown i n  
f igu re  4(a)  f o r  t h e  s i l i c o n  system as wel l  as the  l i thium hydride system. 
i n i t i a l  heat-reject ion r a t e  increased, t h e  surface temperature a t  the  end of t h e  
dark time decreased, as expected. The f i n a l  surface temperature of t he  l i th ium 
hydride thermal-storage s y s t e m  decreased more rap id ly  with i n i t i a l  heat-reject ion 
r a t e  than t h e  corresponding temperature of t h e  s i l i c o n  system. Because the sur- 
face temperature and the  heat-reject ion rate a re  proport ional ly  r e l a t e d  by 
q = ATE ( f o r  n = l), t he  value of t he  temperature r a t i o  a t  t he  end of the  dark 
time shown i n  f igu re  4 ( a )  i s  a l so  the  r a t i o  of t h e  f i n a l  heat-reject ion r a t e  t o  
t h e  i n i t i a l  heat-reject ion r a t e  f o r  a constant heat- t ransfer  coef f ic ien t .  Thus, 
as the  i n i t i a l  heat-reject ion r a t e  increased, t he  r a t i o  of t h e  heat- t ransfer  r a t e  
avai lable  a t  the  end of t he  dark t i m e  t o  t he  i n i t i a l  heat-reject ion r a t e  de- 

The dimensionless temperature 

A s  t he  

I 



from the  s i l i c o n  storage system as wel l  as the  l i th ium hydride storage system had 
decreased t o  0 .9  and 0.37, respectively,  of the  i n i t i a l  heat-re jec t ion  r a t e  of 
20 watts per square centimeter. 
t i v e l y  high heat of fusion, grea te r  than that  of s i l i con ,  apparently the re la -  
t i v e l y  lower thermal conductivity of t he  solid-phase l i th ium hydride determined 
the  low f i n a l  surface temperature and, hence, the  low f i n a l  heat- t ransfer  ra te .  
It i s  concluded, therefore,  t h a t  t he  choice of a heat-storage mater ia l  cannot be 
based on heat of fusion alone, but  t h e  solid-phase thermal conductivity, among 
o ther  propert ies ,  must a l so  be considered. 

Even though l i t h ium hydride displays a re la -  

The depth of s o l i d i f i c a t i o n  of t he  s i l i c o n  storage material increased with 
i n i t i a l  heat-reject ion r a t e  ( f i g .  4 ( a ) ) ,  a s  expected. Over the  range of rejec- 
t i o n  r a t e s  investigated,  it appeared that  the  thickness  of s i l i c o n  required t o  
s to re  the  amount of thermal energy spec i f ied  by the  i n i t i a l  r e j ec t ion  r a t e  w a s  
reasonable. The depth of s o l i d i f i c a t i o n  of t h e  l i thium hydride increased as the  
value of t he  heat-reject ion r a t e  increased t o  approximately 40 watts per square 
centimeter; then the  depth only s l i g h t l y  increased a s  the  heat-rejection r a t e  in- 
creased fur ther .  The low values of l i t h ium hydride s o l i d i f i c a t i o n  depth can 
probably be a t t r i b u t e d  t o  t h e  r e l a t i v e l y  high value of heat of fusion and the  
r e l a t i v e l y  low value of thermal conductivity. 

Application of general  solut ion w i t h  n = 15. - The temperature r a t i o  and 
the  depth of s o l i d i f i c a t i o n  a t  t he  end of t he  l/if-hour dark time are  presented i n  
f igure  4(b)  f o r  s i l i c o n  storage mater ia l  providing energy f o r  a thermionic con- 
ver te r .  A thermionic device was analyzed because, as w i l l  be shown, t h e  power 
output i s  very sens i t ive  t o  operating temperature l e v e l  and therefore  t h i s  system 
would probably be t h e  most d i f f i c u l t  conversion system t o  provide w i t h  thermal- 
energy storage t h a t  i n  simple form i s  nonisothermal. 
thermionic device i s  theo re t i ca l ly  predicted by the  Richardson-Dushman equation 
( r e f .  5) 

The output current of a 

2 -bo/Tc J = ATce 

where i s  a constant equal t o  120.4 amperes per square centimeter per OR2, T, 
t he  absolute cathode surface temperature, and bo t h e  temperature equivalent of 
the  cathode work function. From t h i s  equation it c&n be seen t h a t  the  thermionic 
power output i s  an exponential funct ion of t h e  surface emitt ing temperature. I n  
a thermionic converter system where the  cathode i s  d i r e c t l y  attached t o  the 
storage material ,  t h e  energy-rejection r a t e  from the  storage mater ia l  i s  a l so  a 
very strong funct ion of the  storage-material surface temperature, t h e  temperature 
exponent, approximated from the  Richardson-Dushman equation, being of t h e  order 
of 15. The heat-reject ion ra te ,  therefore,  which i s  a funct ion of the  surface 
temperature t o  an exponent, w i l l  decrease very r ap id ly  from i t s  i n i t i a l  value as 
the  surface temperature decreases. Then, f o r  a given i n i t i a l  heat-reject ion 
ra te ,  t h e  surface temperature a t  t he  end of the  dark t i m e  will be higher f o r  the  
thermionic system ( f i g .  4 ( b ) )  than f o r  the  convective system ( f i g .  4 ( a ) )  because 
the  thermionic heat-re jec t ion  r a t e  decreases more rap id ly  from i t s  i n i t i a l  value; 
t he  average heat r e j ec t ion  rate and, hence, t h e  t o t a l  amount of heat r e j ec t ed  
during the  dark time is, thus, lower f o r  t he  n = 1 5  case. Because t h e  s o l i d i f i -  
cat ion depth is  a l so  a funct ion of t h e  t o t a l  amount of heat r e j ec t ed  over t he  

A 
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dark time, the s o l i d i f i c a t i o n  depth f o r  t h e  thermionic system w i l l  be lower ( f i g .  
4 ( b ) )  than t h a t  f o r  the  convective system ( f i g .  4 ( a ) ) .  

The t h e o r e t i c a l  performance of a s o l a r  thermionic converter that u t i l i z e d  
The thermal-energy storage during 1 /2  hour of dark t i m e  i s  shown i n  f igure  5. 

var ia t ion  of power output with dark time i s  presented f o r  th ree  i n i t i a l  power 
output leve ls .  The power levels,  as computed from the  Richardson-Dushman equa- 
t ion,  correspond t o  i n i t i a l  cathode temperatures of approximately 15000, 16000, 
and 1700° K; thus, it i s  assumed t h a t  there  a re  varying temperature differences 
between the storage-material surface and the  cathode emitt ing surface of approx- 
imately 10, 5, and 0 percent of the, fusion temperature. The cathode mater ia l  w a s  
assumed t o  be thor ia ted  tungsten operating a t  a net po ten t ia l  difference of 1.5 
vol ts .  The process of removing thermal energy from t h e  storage mater ia l  and con- 
ver t ing it i n t o  e l e c t r i c a l  energy i s  assumed t o  have an i n i t i a l  o v e r a l l  e f f i -  
ciency of 10 percent. For the  cases of a f i n i t e  temperature difference, the  as- 
sumption was made that t h e  cathode surface temperature decreased with time i n  
proportion t o  the surface temperature of the thermal-storage material .  The theo- 
r e t i c a l  power output of t h e  thermionic devices, according t o  t h e  Richardson- 
Dushman equation, decreased rapidly w i t h  time because of the exponential varia- 
t i o n  i n  current output with emission temperature. 
dark time, the spec i f ic  power output of the  thermionic devices was approximately 
10 percent of t h e i r  respective i n i t i a l  power output. 

A t  the  end of t h e  1/2-hour 

EVALUATION AND DISCUSSION OF PHYSICAL PROPERTIES 

To determine which mater ia l  propert ies  a re  of importance i n  t h e  thermal- 
energy-storage process, it was necessary t o  evaluate t h e  mater ia l  propert ies  in- 
dividual ly  t o  ascer ta in  t h e i r  e f f e c t  on the  system parameters of r a t i o  of f i n a l  
t o  i n i t i a l  surface temperature and storage-material s o l i d i f i c a t i o n  depth. With 
u t i l i z a t i o n  of solut ions obtained from f igure  2, t h e  s e n s i t i v i t y  of the  tempera- 
t u r e  r a t i o  t o  t h e  mater ia l  propert ies  was invest igated by independently varying 
the  material properties.  This invest igat ion showed that t h e  temperature r a t i o  
was equally a f fec ted  t o  t h e  grea tes t  extent by the  mater ia l  solid-phase density 
and the  thermal conductivity. 
next most important property. The spec i f ic  heat w a s  much l e s s  important. 

The l a t e n t  heat of fusion followed closely as the  

Thus, a high value of solid-phase thermal conductivity, as wel l  as a high 
value of heat of fusion, i s  required f o r  an e f f i c i e n t  thermal-energy-storage 
system. 

The one-dimensional analysis  ind ica tes  t h a t  heat-storage capacity can be 
severely l imi ted  by the  thermal conductivity of t h e  s o l i d  phase. 
can be re l ieved  somewhat when the  thermal-storage process i n  the a c t u a l  three- 
dimensional case i s  considered. An example of a three-dimensional configuration 
i s  a c lose ly  coi led tube t h a t  i s  buried within the  storage medium. 
t r a n s f e r  f l u i d  flows inside the  tube t o  remove the  thermal energy re jec ted  by the  
storage material .  If the  c o i l  spacing i s  determined t o  be twice the  so l id i f ica-  
t i o n  depth, as computed from the  one-dimensional re la t ions,  e f fec t ive  heat s tor-  
age can be achieved even with l i thium hydride. 
the design of a solar-heated mercury b o i l e r  (Sunflower Pro jec t ) .  

This l imi ta t ion  

A heat- 

This technique has been used i n  
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Other techniques make use of f ins ,  rods, and wire gauze fabr ica ted  of m t e -  
r i a l s  w i t h  high thermal conductivity. 

CONCLUDING RENARKS 

This ana lys i s  considered the  system a s  a one-dimensional, time-variant, 
heat-conduction problem coupled w i t h  a change i n  s t a t e  of t h e  conducting medium. 
Solutions f o r  nondimensional surface temperature and s o l i d i f i c a t i o n  depth were 
obtained and a re  presented a s  functions of t i m e  i n  graphic form f o r  various mode 
of heat t r a n s f e r  from the mater ia l  surface. Solutions were obtained by means of 
f in i te -d i f fe rence  equations assuming the mater ia l  t o  be i n i t i a l l y  a t  t he  fusion 
temperature. Material  property values were assumed constant w i t h  temperature, 
and i n t e r n a l  heat  generation was not considered. The nondimensional solut ions 
presented i n  t h i s  repor t  can be applied t o  a wide range of one-dimensional cool- 
ing problems where a phase change i s  involved. 

Analysis of these general  solutions, as applied t o  the  thermal-energy- 
storage component of so l a r  direct-energy-conversion systems, ind ica tes  t he  f o l -  
lowing. 
u t i l i z e d  unless t he  solid-phase thema& conductivity i s  of su f f i c i en t  magnitude 
t o  allow the  thermal energy t o  be removed from t h e  l iquid-sol id  in te r face  and 
conducted t o  the  ex te r io r  heat- t ransfer  surface with no excessive temperature 
drop. 

The high heat of fusion of a thermal-storage mater ia l  cannot be f u l l y  

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, October 2, 1963 
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APPENDIX - SYMBOLS 

constant, 120.4 amp/( sq em) (0~2) 

temperature equivalent of cathode work function 

constant, Btu/( sq in. ) ( sec) (ORn) 

specific heat, Btu/( lb) (OR) 

dimensionless heat of fusion, f/cTf 

heat of fusion, Btu/lb 

integer 

theoretical output current, amp/sq cm 

thermal conductivlty, Btu/( hr) (ft) (OR) 

dimensionless solidification depth; CT;-’2 /k 

solidification depth, in. 

temperature exponent 

power output, w/sq cm 

heat-transfer rate, w/sq cm 

temperature, OR 

time, mln 

dimens ionle s s coordinate, C$-’x/k 

coordinate, in. 

thermal diffusivity, sq ft/hr 

emissivity 

density, Ib/cu ft 

Bolt zmann s constant 

dimensionless time, (CT?-l) 2at/k2 

dimensionless temperature, T/Tf Cp 
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X,$,o coef f ic ien ts  i n  eq. (LO) 

Subscripts: 

C cathode 

d dark 

f fusion 

i i n i t i a l  

S surf ace 

sol s o l i d  phase 
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TABU3 I. - PROPERTIES OF THERMAL 
STOUGE MATERIALS 

Property 

Fusion temperature, Tf, OR 

Heat of fusion, f, Btu/lb 

Thermal conductivity, k, 
Btu/(hr)(ft)(OR) 

Density, p, lb/cu ft 

Specific heat, c, Btu/( lb) (OR) 

Silicon 

3020 

70 6 

46.2 

150.0 

0.21 

Lithium 
hydride 

1715 

1251 

2.4 

43.0 

1.9 
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Figure 1, - Thermal-energy-storage model. 
Time t > 0. 



(a) Temperature exponent, 1. 

Figure 2. - Time-temperature relations for various dimensionless heats of fusion. 
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(b) Temperature exponent, 2, 

Figure 2. - Continued. Time-temperature relations for various dimensionless heats of fusion. 



s" 

1. 

.01 .1 1 10 
Dimensionless time, T 

100 1000 

(c )  Temperature exponent, 3. 

Figure 2. - Continued, Time-temperature relations for various dimensionless heats of fusion. 
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(a) Temperature exponent, 4. 
Figure 2. - Continued. Time-temperature relations for various dimensionless heats of fusion. 
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(e) Temperature exponent, 15. 

Figure 2. - Concluded. Time-temperature relations for various dimensionless heats of fusion. 
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(a) Temperature exponent, 1. 

Figure 3. - Time - solidification-depth relations f o r  various dimensionless heats of fusion. 
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(b) Temperature exponent, 2. 

Figure 3. - Continued. Time - solidification-depth relations for various dimensionless heats of fusion. 
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Figure 3. - Continued. Time - sol idif icat ion-depth r e l a t i o n s  for various dimensionless heats  of  fusion. 
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Figure 3. - Continued. Time - solidification-depth relations f o r  various dimensionless heats of fusion. 
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(e) Temperature exponent, 15. 

Figure 3. - Concluded. Time - solidification-depth relations for various dimensionless heats of fusion. 
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( a )  Temperature exponent, 1. ( b )  Temperature exponent, 15. 

Figure 4. - Tem e ra tu re  r a t i o  and depth of s o l i d i f i c a t i o n  a s  func t ion  of i n i t i a l  hea t - re jec t ion  r a t e .  
Dark time, 1A hour. 
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F i w e  5, - Power output of thermionic diode as function ofzdark time for s i l icon.  
Temperature exponent, 15, 
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